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Introduction {#sec001}
============

Perilipin-1 (Plin1) is the first identified member in the perilipin family that are loosely grouped by sequence similarity of the first \~100 amino-acid terminal residues \[[@pone.0117536.ref001],[@pone.0117536.ref002]\]. Plin2 to Plin5 that associate with lipid droplets but also exist in cytosolic compartments in various types of cells, and their functions are largely unknown. By contrast, Plin1 localizes only at the surface of lipid droplets exclusively in adipose and steroidogenic cells \[[@pone.0117536.ref002],[@pone.0117536.ref003]\]. Plin1 constitute \~0.25% of total protein in adipocyte \[[@pone.0117536.ref003]\] and plays fundamental roles in stabilizing lipid droplets and controlling lipolysis \[[@pone.0117536.ref002]\]. Native Plin1 may act as a barrier to prevent triglyceride hydrolysis by lipase, thus enhancing lipid droplet formation \[[@pone.0117536.ref002],[@pone.0117536.ref004]\]. On catecholamine stimulation, Plin1 is phosphorylated by cAMP-dependent protein kinase and induces a translocation of hormone-sensitive lipase (HSL) from cytoplasm to lipid droplets \[[@pone.0117536.ref005]\] and indirectly activates adipose triglyceride lipase (ATGL) \[[@pone.0117536.ref006]\], hence conferring a full lipolysis response. Plin1 downregulation \[[@pone.0117536.ref007],[@pone.0117536.ref008]\] may impair its barrier function and lead to increased lipolysis in the absence of hormonal stimulation \[[@pone.0117536.ref002]\]. Plin1 deficiency (Plin1-/-) in mice results in low body fat and aberrant lipolysis \[[@pone.0117536.ref009]--[@pone.0117536.ref011]\], and Plin1 mutations in human cause partial lipodystrophy associated with hyperlipidemia and insulin resistance \[[@pone.0117536.ref012]\].

Lipodystrophy is a rare disease featured by partial or complete loss of adipose tissue, which is commonly associated with metabolic disturbances such as dyslipidemia, ectopic lipid accumulation and insulin-resistant diabetes, identical to that occurring in obesity \[[@pone.0117536.ref013],[@pone.0117536.ref014]\]. Several genetic defects have been identified in different types of human lipodystrophies \[[@pone.0117536.ref013],[@pone.0117536.ref014]\]. Mutations in 1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT2) \[[@pone.0117536.ref015]\], Berardinelli-Seip congenital lipodystrophy 2/Seipin \[[@pone.0117536.ref016]--[@pone.0117536.ref018]\] and caveolin-1 \[[@pone.0117536.ref019]\] cause congenital complete lipodystrophy. Mutations in lamin A/C \[[@pone.0117536.ref020],[@pone.0117536.ref021]\], peroxisome proliferator-activated receptor-γ (PPARγ) \[[@pone.0117536.ref022]\], fat-specific protein 27-kDa (Fsp27/Cidec) \[[@pone.0117536.ref023]\] and perilipin 1 (Plin1) \[[@pone.0117536.ref012]\] lead to partial lipodystrophy. These lipodystrophic genes may express in various cells and execute distinct functions, but each is assumed to involve in the process of lipogenesis or/and adipogenesis \[[@pone.0117536.ref013],[@pone.0117536.ref014]\]. To date, the mechanisms of how PPARγ mutation attenuates adipogenesis to confer adipose tissue deficiency is well recognized \[[@pone.0117536.ref024],[@pone.0117536.ref025]\]. It has been reported that depletion of AGPAT2 enzyme for triglyceride synthesis inhibits adipogenesis of OP9 bone-marrow stromal cells \[[@pone.0117536.ref026]\]. Seipin is an endoplasmic membrane protein that may contribute to lipid-droplet organization \[[@pone.0117536.ref027]\]. Seipin knockdown might perturb adipocyte differentiation of C3H10T1/2 mesenchymal stem cells or 3T3-L1 adipocytes \[[@pone.0117536.ref017],[@pone.0117536.ref018]\]. These observations suggest that attenuation in adipocyte differentiation could be a common reason for the lipodystrophy.

To explore the mechanism underlying the lipodystrophic phenotype in mice and humans with Plin1 defect, this study examined the role of Plin1 in adipogenesis and adipocyte differentiation. To avoid the disadvantage of preadipocyte cell lines, we investigated adipocyte development in vivo and adopted primary adipose stromal-vascular cells (SVCs) for adipocyte differentiation in vitro. The results revealed that Plin1 ablation caused aberrant differentiation and development of adipose cells, with lacking the population of adipose progenitor cells capable of adipogenesis in vivo and with dysregulation of adipogenic signaling. We suggest that Plin1 was required for lipid droplet growth and later-stage adipocyte differentiation. Our finding may provide a mechanic explanation for the pathology of partial lipodystrophy in patients with Plin1 defect.

Methods {#sec002}
=======

2.1. Antibodies {#sec003}
---------------

Polyclonal antibodies against Plin1, Plin2, or HSL were from C. Londos (the U.S. National Institutes of Health). Anti-Fsp27 antibody was from P. Li (Tsinghua University, Beijing). Other antibodies were from Abcam or Santa Cruz Biotechnology.

2.2. Animals {#sec004}
------------

Plin1-/- mice in the 129/SvEv background were from the laboratory of C. Londos (US National Institutes of Health) \[[@pone.0117536.ref009],[@pone.0117536.ref011]\], and were housed at Peking University Health Science Center in accordance with the guidelines of the animal care utilization committee of the institute. Plin1-/- male mice and their control wild-type littermates were used for the various experiments. Mice were killed by cervical dislocation after anesthetized with pentobarbital (40 mg/kg, i.p.).

2.3. Recombinant adenovirus {#sec005}
---------------------------

Recombinant adenovirus was constructed by use of the AdEasy Adenoviral Vector System (Stratagene) and purified as described \[[@pone.0117536.ref005]\]. The recombinant adenovirus had 2 separate expression-cassettes that allow for dually expressing green fluorescent protein (GFP) and Plin1 or Plin2 in a single cell. For adenovirus infection, SVCs were cultured overnight and then infected with the adenoviral mixture for 3 h. Then, the infection mixture was removed, and fresh culture medium was added. Cells were cultured for another 2 days and then induced for differentiation.

2.4. Morphology analysis {#sec006}
------------------------

The epididymal and retroperitoneal fat depots were isolated from Plin1-/- mice and wild-type littermates at 8 and 25 weeks of age. Whole-mounted adipose tissue was sectioned at 8-μm thick and stained with hematoxylin and eosin (HE). Fully mature unilocular adipocytes have only a single, large lipid droplet that fills the majority of the cytoplasm. Multilocular adipocytes contain multiple, small lipid droplets in cytoplasm. The number and size of unilocular and multilocular adipocytes were measured and analyzed.

2.5. Isolation and differentiation of SVCs into adipocytes {#sec007}
----------------------------------------------------------

SVCs were isolated from epididymal or inguinal subcutaneous fat pads of Plin1-/- mice and wild-type mice at 8\~12 weeks old, according to the method \[[@pone.0117536.ref028]\] with our modification \[[@pone.0117536.ref008],[@pone.0117536.ref029],[@pone.0117536.ref030]\]. Briefly, the fat pads were minced and digested in serum-free DMEM containing 0.8 mg/ml type I collagenase and 1% defatted BSA, for 40 min at 37°C in a water bath shaken at 120 cycles/min. The digestion mixture was filtered through 80 and 400 steel meshes to remove debris and floating primary adipocytes. The infranatant was the SVCs fraction containing adipose precursor cells, and then collected by centrifugation at 500×g for 20 min for subsequent experiments. For adipocyte differentiation, SVCs were plated and cultured for 2 days in DMEM/F12 (1:1) medium containing 5% fetal bovine serum (FBS). Thereafter, SVCs were differentiated initially (day 0) in a standard adipocyte differentiation cocktail \[[@pone.0117536.ref028]\] containing 250 μM isobutylmethylxanthine (IBMX), 17 nM insulin, 0.1 μM dexamethasone, and 60 μM indomethacin in DMEM/F12 (1:1) supplemented with 5% FBS. The cocktail was removed after differentiation for 48 h (day 2). Then, cells were induced for an additional 2 days (day 3\~4) with 17 nM insulin in 10% FBS-DMEM/F12 and thereafter maintained in 10% FBS-DMEM/F12. For lipid loading, oleic acid was added to the culture at 400 μM as a 5:1 molar complex with FFA-free BSA \[[@pone.0117536.ref031]\].

*2.6. Flow* cytometry *analysis of SVC cells* {#sec008}
---------------------------------------------

SVCs were isolated from epididymal adipose tissues in Plin1-/- and wild-type mice as described above and underwent analysis immediately. Cells were stained with a mixture of the following antibodies against adipocyte progenitor markers: CD34-Alexa Fluor 647, CD29-FITC, Sca-1-PE, and CD24-PerCP-Cy5.5. To set proper compensation and population gates, single-color positive cells were stained with each antibody alone, and cells were incubated with isotype-matched IgG labeled with Alexa Fluor 647, FITC, PE or PerCP-Cy5.5 as negative controls. After incubation for 30 min on ice, the cells underwent four-color analysis with Calibur flow cytometry and CellQuest software. All antibodies and instrument used were from BD Biosciences.

2.7. Lipid droplet staining with Oil-red O and Nile red {#sec009}
-------------------------------------------------------

Differentiated adipocytes were fixed for 15 min in 4% paraformaldehyde. Cells were stained with 0.5% Oil-red O in 60% isopropanol for 15 min. After 3 washes with PBS, cells were examined under a light microscope. For fluorescence microscopy, cellular nuclei were stained with Hoechst 33258, then lipid droplets were stained with Nile red for 5 min. The lipid droplets stained with Nile red originally showed yellow/gold fluorescence under a Nikon Eclipse 50i microscope with a 450- to 490-nm excitation filter and 520-nm barrier filter. When the images were merged in red and blue fluorescent channels by use of image processing software supplied by the microscope manufacture, the lipid droplets appeared red and nuclei blue.

2.8. Immunofluorescence {#sec010}
-----------------------

Cells were fixed for 20 min with 4% paraformaldehyde and 0.01% Triton X-100 in PBS, followed by 3 rinses with PBS for 5 min each. Nonspecific binding sites in cells were blocked with 5% donkey serum for 60 min. The cells were incubated with polyclonal antibodies against Plin1 or Plin2 \[[@pone.0117536.ref032]\] at 1:500 overnight at 4°C, then with FITC-conjugated secondary antibody at 1:500 for 1 h. Cell nuclei were stained with Hoechst 33258. Immunofluorescent signals were observed under a Nikon Eclipse 50i microscope.

2.9. Immunoblotting and quantitative RT-PCR {#sec011}
-------------------------------------------

Equal amount proteins extracted from adipose tissue or differentiated adipocytes of the mice were underwent SDS-PAGE and immunoblotting analysis with the primary antibodies and horseradish peroxidase-conjugated IgG. The blots were developed with enhanced chemiluminescence (ECL) detection reagents (Applygen Technologies, Beijing). Total RNA was extracted from adipose tissue and differentiating SVCs with use RNAtrip reagent (Applygen Technologies, Beijing) and reverse-transcribed to generate first-strand cDNA \[[@pone.0117536.ref033]\]. Real-time PCR was carried out in duplicate in an Mx3000 Quantitative PCR System (Stratagene). The relative target mRNA levels were analyzed and normalized to that of internal control 18S rRNA. The primer sets were listed in [S1 Table](#pone.0117536.s002){ref-type="supplementary-material"}.

2.10. Statistics {#sec012}
----------------

Data shown are mean ± SEM. The 2-tailed Student\'s *t* test was used for statistical analysis. P \< 0.05 was considered statistically significant.

Results {#sec013}
=======

3.1. Aberrant morphology of adipose cells in Plin1-/- mice {#sec014}
----------------------------------------------------------

We examined the morphologic characteristic of the epididymal and retroperitoneal fat tissues in Plin1-/- male mice and wild-type littermates at 8 and 25 weeks old. Adipose tissues in wild-type mice had no multilocular adipocytes but showed closely arranged unilocular adipocytes, each with a single, large lipid droplet that fills the majority of the cytoplasm ([Fig. 1A](#pone.0117536.g001){ref-type="fig"}). In contrast, adipose tissues in Plin1-/- mice at 8 weeks old already showed typical histologic characteristics of partial lipodystrophy, as indicated by plenty of small unilocular adipocytes, with multiple small lipid droplets in cytoplasm ([Fig. 1A](#pone.0117536.g001){ref-type="fig"}). The total adipocyte population in Plin1-/- adipose tissue consisted of 86% unilocular adipocytes and 14% multilocular adipocytes, whereas Plin1+/+ fat contained only unilocular adipocytes. However, the median cell area of Plin1-/- unilocular adipocytes was 1026 μm^2^, \~50% less than the area (2188 μm^2^) of wild-type adipocytes ([Fig. 1B](#pone.0117536.g001){ref-type="fig"}). Plin1-/- multilocular adipocytes were small, with median cell area 360 μm^2^. The trend toward smaller adipocytes in Plin1-/- mice was indicated by leftward shifts of curves for cumulative and relative (inset panel) frequency of cell number distribution versus cell size as compared with the wild type ([Fig. 1B](#pone.0117536.g001){ref-type="fig"}).

![Aberrant morphology of adipose tissue in Plin1-/- mice.\
(A) Hematoxylin and eosin (HE) staining of adipose tissues in Plin1-/- and Plin1+/+ male mice at 8 and 25 weeks old. The boxed fields (100×) were showed underneath at high magnification (400×). (B) Cumulative adipocyte frequency from epididymal adipose tissues of Plin1-/- and Plin1+/+ mice (n = 3 for each genotype) at age of 25 weeks. For each mice, 10\~12 fields of vision at 100 × magnification from different segments of fat tissue were randomly selected for analysis. A total 6,265 of Plin1+/+ unilocular adipocytes (circles) and 11,471 Plin1-/- unilocular (squares) and 1,881 Plin1-/- multilocular (triangles) adipocytes were counted. Cell area was measured by use of NIH Image-J software. The y-axis values represent the cumulative cell percentage for adipocytes at and below the corresponding sizes on the x-axis. The lines labeled as 50th percentile intersect the curves at the median cell sizes (boxes) below which 50% of the adipocytes in each population were distributed. The leftward shift of the curves indicates that the adipocyte population in Plin1-/- mice tend toward smaller cell area as compared with that in Plin1+/+ mice. The inset panel shows the relative (non-cumulative) cell frequency versus cell area, and demonstrates that Plin1-/- mice have a greater proportion of small adipocytes than Plin1+/+ mice.](pone.0117536.g001){#pone.0117536.g001}

3.2. Dysregulation of adipogenic pathway in adipose tissues in Plin1-/- mice {#sec015}
----------------------------------------------------------------------------

CCAAT-enhancer-binding proteins (C/EBPs) and PPARγ are the master transcription factors in adipogenesis process \[[@pone.0117536.ref025]\]. Sterol regulatory element-binding transcription factor 1c (SREBP1c) may also participate in adipocyte gene expression and fat synthesis \[[@pone.0117536.ref025]\]. In adipose tissue of Plin1-/- mice in contrast to wild-type mice fat, although mRNA and protein expressions of C/EBPβ and PPARγ were unchanged, the mRNA expression of C/EBPα and δ was significantly downregulated ([Fig. 2A, B](#pone.0117536.g002){ref-type="fig"}). SREBP1c was downregulated slightly at the transcriptional level but decreased significantly at the translational level. For the downstream enzymes involved in adipogenesis, the mRNA and protein levels of diacylglycerol acyltransferase-1 (DGAT1) and HSL were unchanged, but the mRNA and protein expressions of fatty acid synthase (FAS) and acetyl CoA carboxylase-1 (ACC1) was significantly downregulated ([Fig. 2A, B](#pone.0117536.g002){ref-type="fig"}). A discrepancy is the expression of ATGL, whose mRNA level was lower but protein level remained to be normal. Plin2 protein was increased in Plin1-/- adipose tissue ([Fig. 2B](#pone.0117536.g002){ref-type="fig"}), due to its substitution for Plin1 at the lipid droplet surface in Plin1-/- adipocytes \[[@pone.0117536.ref005]\]. Also, protein expressions of Fsp27 was increased in Plin1-/- adipose tissue ([Fig. 2C](#pone.0117536.g002){ref-type="fig"}).

![Dysregulation of adipogenic signaling in adipose tissues in Plin1-/- mice.\
Adipose tissue isolated from Plin1-/- and Plin+/+ mice was utilized for the following examinations. (A) Relative levels of target mRNA detected by real-time PCR. \*, P \< 0.05 compared with Plin1+/+ mice. (B and C) Immunoblotting.](pone.0117536.g002){#pone.0117536.g002}

3.3. Low subpopulation of adipocyte progenitor cells capable of in vivo adipogenesis in Plin1-/- adipose tissue {#sec016}
---------------------------------------------------------------------------------------------------------------

The SVC fraction consists of a mixed population of cells with variable capacity for adipogenesis. It was recently identified that a subpopulation of adipocyte progenitor cells (Lin-:CD29+:CD34+:Sca-1+:CD24+) in the fraction of SVCs from adipose tissue is capable to differentiate into adipocytes and form adipose depot in vivo in mice \[[@pone.0117536.ref034],[@pone.0117536.ref035]\]. We performed real-time PCR to examine the expression of adipose progenitor markers including CD29, CD34, Sca-1 and CD24. The mRNA expression levels of those markers in adipose tissue were lower in Plin1-/- mice than in wild-type mice ([S1 Fig.](#pone.0117536.s001){ref-type="supplementary-material"}). The flow cytometry analysis revealed that Plin1-/- SVC fraction had low percentage of single-positive cells stained individually with CD29, CD34, or stem cell antigen (Sca-1) (data not shown). In particular, the progenitor cells co-expressing CD29, CD34, Sca-1 and CD24, which represents a subpopulation capable of adipocyte differentiation in vivo, were significantly less (1.86%) in the SVC fraction from Plin1-/- adipose tissue, compared to that (6.97%) in the wild-type SVC preparation ([Fig. 3](#pone.0117536.g003){ref-type="fig"}). These data suggest that Plin1-/- SVC cells have low capability of adipocyte differentiation in vivo.

![Flow cytometric analysis of SVC cells.\
The stromal vascular cells (SVCs) were isolated from epididymal fat of Plin1+/+ and Plin1-/- mice and underwent analysis. Adipocyte progenitors in the SVC fraction were immunostained simultaneously with antibodies to CD34 (Alexa Fluor 647), CD29 (FITC), Sca-1 (PE), and CD24 (PerCP-Cy5.5). Cells were incubated with fluorescent isotype-matched IgG as negative controls and single-color positive cells were stained with each antibody alone. The CD29+:CD34+ adipocyte progenitor population was gated (in box) and further separated for the subpopulation coexpressing Sca-1 and CD24 (CD29+:CD34+:Sca-1+:CD24+). The percentage of adipocyte progenitor population in SVC cells was denoted in box.](pone.0117536.g003){#pone.0117536.g003}

3.4. Plin1-/- SVCs fail to differentiate into adipocytes {#sec017}
--------------------------------------------------------

To examine the affect of Plin1 ablation in adipogenesis, we cultured and differentiated the SVCs to adipocytes. At day 5 after induction, Plin1+/+ SVCs were well differentiated into adipocytes with numerous large lipid droplets stained positively by Oil-red O or Nile red ([Fig. 4A](#pone.0117536.g004){ref-type="fig"}). The heterozygous Plin1+/- SVCs were able to generate a few lipid droplets in the size nearly close to that in Plin1+/+ SVCs, but the number of formed droplets was at least \~50% less than that in Plin1+/+ SVCs. By contrast, Plin1-/- SVCs failed to form any large lipid droplet, but had a few moderate-sized droplets and plentiful small or tiny droplets, compared to the heterozygous and wild-type SVCs ([Fig. 4A](#pone.0117536.g004){ref-type="fig"}). These results indicate that adipocyte differentiation and adipogenesis are inhibited as consequences of either Plin1 null or Plin1 haploinsufficiency.

![Plin1 defect attenuates the SVC differentiation into adipocytes.\
(A) Effect of Plin1 gene dosage on adipocyte differentiation. SVCs were isolated from epididymal fat tissue in Plin1+/+, heterozygous Plin1+/-, and Plin1-/- mice, epididymal fat tissue were differentiated into adipocytes. At day 5, intracellular lipid droplets were stained with Oil-red O (red bright-field) and Nile red (red fluorescence). Nuclei (blue) were stained with Hoechst 33258. (B) Dynamic changes of the lipid droplets (red) in Plin1-/- and Plin1+/+ SVCs at day 0, 0.5, 1, 2, 3 and 4 of differentiation.](pone.0117536.g004){#pone.0117536.g004}

Next, we investigated the dynamic changes in lipid droplet development during adipocyte differentiation. SVCs were isolated and cultured for 2 days, then initially differentiated (day 0) with the induction medium containing IBMX, insulin, dexamethasone, and indomethacin. The SVCs were differentiated for 48 h (day 2) and then maintained for another 2 days (day 4) with 17 nM insulin in freshly changed medium. The number and size of lipid droplets in Plin1+/+ SVCs gradually increased, during differentiation. At day 4 after induction, Plin1+/+ SVCs showed numerous large lipid droplets in the cytoplasm ([Fig. 4B](#pone.0117536.g004){ref-type="fig"}). Plin1-/- SVCs showed many small or tiny lipid droplets just prior to induction of differentiation (day 0), then these lipid droplets increased in number and became larger during the first 12 h differentiation but thereafter (day 1) appeared diffuse or disappeared. Both the number and size of droplets were significantly decreased in Plin1-/- SVCs as compared with wild-type cells ([Fig. 4B](#pone.0117536.g004){ref-type="fig"}). Likely, Plin1-/- SVCs were already enriched with tiny lipid droplets when they were isolated from adipose tissue, but these droplets showed retarded growth during later differentiation.

3.5. Dysregulated adipogenic signaling in differentiating Plin1-/- SVCs {#sec018}
-----------------------------------------------------------------------

In adipogenic state of Plin1-/- SVC differentiation, there were significant decreases in mRNA expression of the transcription factors such as C/EBPs, SREBP1c and PPARγ, and their downstream targets like DGAT1, FAS, ACC1, HSL, ATGL and aP2 ([Fig. 5A](#pone.0117536.g005){ref-type="fig"}). Protein levels of PPARγ and SREBP-1c were undetectable at day 1 of differentiation (data not shown) and their expression at day 5 of induction appeared at a similar level in Plin1-/- and wild-type SVCs ([Fig. 5C](#pone.0117536.g005){ref-type="fig"}). However, protein expression of HSL, ATGL, and aP2 was downregulated in differentiating Plin1-/- SVCs from either epididymal or inguinal fat pads ([Fig. 5B, C](#pone.0117536.g005){ref-type="fig"}). Protein level of FAS was greatly decreased in Plin1-/- SVCs ([Fig. 5B](#pone.0117536.g005){ref-type="fig"}). Although heterozygous Plin1+/- SVCs cannot be differentiated fully, these cells with Plin1 haploinsufficiency still expressed near-normal levels of FAS, HSL and ATGL proteins ([Fig. 5B](#pone.0117536.g005){ref-type="fig"}).

![Dysregulation of adipogenic signaling in differentiating Plin1-/- SVCs.\
The SVC cells isolated from adipose tissues in Plin1+/+, Plin1+/-, and Plin1-/- mice were differentiated. (A) Relative mRNA expression of adipogenic genes at day 5 of differentiation.\*, P \< 0.05 compared with Plin1+/+ cells. (B) Immunoblotting. Protein expression of adipogenic modulators at day 5 of differentiation in the SVCs from epididymal (Epi) and inguinal (Ing) fat depots in Plin1+/+, Plin1+/-, and Plin1-/- mice. (C) Immunoblotting. Protein expression of adipogenic modulators in the SVCs differentiated for 0, 1, and 5 days. (D) Immunofluorescence of Plin2 and Plin1 switch on lipid droplets. Plin1-/- and Plin1+/+ SVCs were differentiated for 0, 1, 2, and 5 days and immunostained with primary antibody against Plin1 (upper 2 rows) and Plin2 (lower 2 rows) and FITC-conjugated lgG. Nuclei (blue) were stained with Hoechst 33258. Triangles at the central of lipid droplets denote the large droplets disassociated from Plin2 in a fully-differentiated Plin1+/+ adipocyte, compared to the smaller droplets associated with Plin2 in ill-differentiated Plin1-/- SVCs.](pone.0117536.g005){#pone.0117536.g005}

We had previously observed a heavy accumulation of Plin2 around the lipid droplets in differentiated Plin1-/- mouse embryonic fibroblasts \[[@pone.0117536.ref005]\]. In differentiated Plin1-/- SVCs, Plin2 protein was significantly increased ([Fig. 5B, C](#pone.0117536.g005){ref-type="fig"}). Immunofluorescent staining showed that Plin2 appeared and associated with small lipid droplets both in Plin1-/- and Plin1+/+ SVCs at day 1\~2 of induction ([Fig. 5D](#pone.0117536.g005){ref-type="fig"}). In Plin1+/+ SVCs, Plin2 signals became dim when the droplets enlarged and recruited Plin1 lately at day 5 of differentiation; however, in Plin1-/- SVCs, Plin2 as a replacement for Plin1 was still greatly assembled on the lipid droplets at day 5, due to the absence of Plin1 on the droplet surface ([Fig. 5D](#pone.0117536.g005){ref-type="fig"}).

3.6. Exogenous Plin1 expression restores Plin1-/- adipocyte differentiation {#sec019}
---------------------------------------------------------------------------

Before induction of adipocyte differentiation, isolated SVCs were infected with the recombinant adenovirus that dually expressed GFP and Plin1. Adenovirus dually expressing GFP and Plin2 served as a control. At day 5 of differentiation, intracellular lipid droplets were stained with Nile red. GFP signals indicated that the SVCs were successfully infected. Plin1-/- SVCs infected with Ad-Plin1 showed near-normal adipocyte morphologic features, characterized by many large lipid droplets, but this phenomenon was not observed in the same vision field of Plin1-/- SVCs that were not infected with Ad-Plin1 nor in Plin1-/- SVCs infected with Ad-Plin2 ([Fig. 6](#pone.0117536.g006){ref-type="fig"}). Thus, exogenous expression of Plin1 may have restored the defective Plin1-/- adipocyte differentiation.

![Exogenous Plin1 expression restores Plin1-/- adipocyte differentiation.\
Plin1-/- and Plin+/+ epididymal SVCs were infected with the adenovirus dually expressing green fluorescence protein (GFP) and Plin1 (Ad-Plin1, a−c), with the adenovirus expressing GFP and Plin2 (Ad-Plin2, d−f) as the control. Fluorescence microscopy of cells induced to differentiate into adipocytes for 4 days, then stained with Nile red. Lipid droplets exhibit yellow/gold fluorescence. GFP-positive cells express ectopic Plin1 or Plin2. Well-differentiated Plin1-/- cells with Ad-Plin1 infection (circles with solid line) and poorly-differentiated cells without Ad-Plin1 infection (circles with dashed line) are labeled in the field of vision (b, c).](pone.0117536.g006){#pone.0117536.g006}

3.7. Enhanced induction improves Plin1-/- adipocyte differentiation {#sec020}
-------------------------------------------------------------------

Insulin, IBMX, and PPARγ ligand are common inducers of adipocyte differentiation \[[@pone.0117536.ref028]\]. We investigated whether enhanced induction could ameliorate defective Plin1-/- adipocyte differentiation. SVCs were induced to differentiate for 2 days with 250 μM IBMX, 17 nM insulin, 0.1 μM dexamethasone, and 60 μM indomethacin, followed by an additional 2-day stimulation with 17 nM insulin \[[@pone.0117536.ref028]\]. When IBMX concentration was increased to 500 and 750 μM, the lipid droplets in Plin1-/- SVCs gradually increased and became enlarged ([Fig. 7A](#pone.0117536.g007){ref-type="fig"}). Although fewer in number, several lipid droplets in Plin1-/- SVCs appeared to be close to the normal droplet size of Plin1+/+ adipocytes when indomethacin in the medium (IDMI) was replaced with PPARγ agonist rosiglitazone (IDMR, [Fig. 7B](#pone.0117536.g007){ref-type="fig"}). During day 5\~6 of differentiation, the addition of insulin, oleic acid, or both, further increased the number and size of lipid droplets in Plin1-/- SVCs ([Fig. 7C](#pone.0117536.g007){ref-type="fig"}). These observations suggest that enhanced induction and fatty acid loading promote lipid droplet growth and ameliorated Plin1-/- adipocyte differentiation.

![Enhanced induction improves Plin1-/- SVC differentiation.\
Epididymal SVCs were induced for 2 days (D1\~2) in differentiation medium (IDMI) containing 250 μM IBMX, 17 nM insulin, 0.1 μM dexamethasone and 60 μM indomethacin, followed by an additional 2-day (D3\~4) treatment with 17 nM insulin. Lipid droplets were stained with Oil-red O. (A) Effect of IBMX dose on lipid-droplet formation and adipocyte differentiation of Plin1+/+ and Plin1-/- SVCs. (B) Effect of replacing indomethacin with 5 μM rosiglitazone (IDMR) on lipid-droplet growth and adipogenesis in SVCs. (C) After day-4 differentiation, SVCs were further stimulated with 17 nM insulin (Ins), 400 μM oleic acid (OA), or both for an additional 2 days (D5\~6).](pone.0117536.g007){#pone.0117536.g007}

Discussion {#sec021}
==========

For in vivo study, Plin1-/- mice at 8 weeks old already showed typical histologic phenotype of lipodystrophy featured by insufficient unilocular adipocytes and aberrant adipocyte morphology. The epididymal adipose tissue in Plin1-/- mice contained \~14% of multilocular adipocytes, with multiple small lipid droplets; the remaining 86% of Plin1-/- adipocytes were unilocular with a single droplet, but their median cell-size was \~50% smaller than that of wild-type adipocytes. Recent studies suggest that a subpopulation of adipocyte progenitors (Lin-:CD29+:CD34+:Sca-1+:CD24+) in the SVC fraction from murine adipose tissue may be capable of differentiating into an adipose depot in vivo \[[@pone.0117536.ref034],[@pone.0117536.ref035]\]. The mRNA expression of CD34, CD29, Sca-1 and CD24 in adipose tissue was lower in Plin1-/- mice than in wild-type mice. Consistently, Plin1-/- SVC fraction had less progenitor cells labeled by CD29, CD34, Sca-1 or CD24 alone and contained only a few of CD29+:CD34+:Sca-1+:CD24+ adipose precursor cells, a subpopulation capable of adipogenesis in vivo. To date, the factors influencing adipose progenitor cells are largely unknown. The progenitor proliferation and differentiation might be modulated by the microenvironment signals originating from the microvascular endothelial cells, macrophages and adipocytes in adipose tissue \[[@pone.0117536.ref036],[@pone.0117536.ref037]\]. Whether microenvironment factors account for the reduction of adipogenic progenitor subpopulation in Plin1-/- SVCs remains to be further investigated. Low expression of progenitor markers implicates that the early development or growth of the local progenitor pool is likely aberrant in Plin1-/- adipose tissue, leading to a low capability of Plin1-/- SVC differentiation. Also, adipose tissue in Plin1-/- mice showed the downregulation of mRNA and protein expression of adipogenic transcription factors like C/EBPs and SREBP1c, accompanied with the downregulation of lipogenic enzymes like FAS and ACC1. These in vivo data suggest that the impairment of in vivo adipogenesis and lack of adipogenic subpopulation of adipose progenitors might be the basis for impaired adipocyte differentiation and hence lipodystrophic appearance in Plin1-/- mice.

In vitro tests showed that the SVCs from Plin1-/- mice failed to fully differentiate into adipocytes. In general, the transcription factors need to be early activated for controlling the expression of numerous adipogenic genes \[[@pone.0117536.ref024],[@pone.0117536.ref025]\]. C/EBPs, SREBP-1c, PPARγ, and the adipogenic genes such as aP2, FAS, HSL and ATGL, were downregulated at the transcriptional level during differentiation of Plin1-/- SVCs. However, the protein expression of PPARγ and SREBP-1c was not altered in Plin1-/- and Plin1+/+ cells, consistent to the similar protein levels of PPARγ between the adipose tissues of Plin1-/- and Plin1+/+ mice. These data implicate that the upstream transcriptional control by PPARγ might remain to be normal during differentiation of Plin1-/- cells. This phenomenon is not a surprise, because Plin1 is a downstream target of PPARγ \[[@pone.0117536.ref038]\] and thus Plin1 ablation would not reversely affect expression of PPARγ. Likely, the early differentiation process of Plin1-/- SVCs might be initiated by the transcriptional control of PPARγ but then retarded at the terminal stage of adipogenesis. Indeed, several terminal-differentiation factors such as aP2, FAS, HSL and ATGL, were decreased at both mRNA and protein levels during differentiation of Plin1-/- SVCs. FAS catalyzes *de novo* synthesis of fatty acids by conversing acetyl-CoA and malonyl-CoA to palmitate. aP2 is an adipose-specific fatty acid binding protein expressed during adipocyte differentiation and comprises approximately 6% of total adipocyte protein \[[@pone.0117536.ref039]\]. HSL and ATGL are two major enzymes controlling hydrolysis of triglycerides in adipocytes \[[@pone.0117536.ref005],[@pone.0117536.ref006]\]. The significant low expressions of these adipogenic proteins disable synthesis and hydrolysis of adipocyte triglycerides, thus being of reciprocal causation with the failure of adipocyte differentiation.

Prior to induction of differentiation, Plin1-/- SVCs already had numerous tiny lipid droplets, which were able to further enlarge during the first 12-h differentiation but disappear thereafter. The reason for this phenomenon is unclear. Perhaps these Plin1-/- SVCs might derive from a subpopulation of preadipocytes whose differentiation was already initiated in vivo but ceased after the early induction. In adipocytes, growing lipid droplets vary in size and require variable coats of protein compositions, such as Plin1, Plin2 and Fsp27 \[[@pone.0117536.ref032],[@pone.0117536.ref040]--[@pone.0117536.ref043]\]. During early differentiation, tiny droplets smaller than 1-μm diameter associate with Plin2 and medium-size (2-μm) droplets associate with both Plin2 and Plin1 \[[@pone.0117536.ref042]\]. In late differentiation, the droplets larger than 3 μm are coated with only Plin1 \[[@pone.0117536.ref031],[@pone.0117536.ref042]\]. We previously revealed that Plin2 is degraded by proteasome, upon the onset of Plin1 \[[@pone.0117536.ref031]\]. In Plin1-/- SVCs, there was no Plin1 available to replace Plin2 on small lipid droplets, thus lipid droplet growth and later-phase adipocyte differentiation were retarded. Fsp27 is another lipid droplet protein that is relatively selectively expressed in adipocytes. Fsp27 promotes the formation of larger lipid droplets and its deficiency dramatically reduces the size of lipid droplets smaller than 4 μm diameter in adipocytes \[[@pone.0117536.ref043]--[@pone.0117536.ref045]\]. Interestingly, we observed that the expression of Fsp27 protein was obviously increased in adipose tissue of Plin1-/- mice. We noticed that a number of previous studies actually showed this inverse relationship between expression of Plin1 and Fsp27 \[[@pone.0117536.ref046]--[@pone.0117536.ref050]\], but this phenomenon seems to be neglected except in the report of Sawada et al \[[@pone.0117536.ref046]\]. Fsp27 mRNA or protein expression is upregulated upon Plin1 knockout \[[@pone.0117536.ref047]\] or knockdown \[[@pone.0117536.ref044]\] but downregulated by Plin1 transgene \[[@pone.0117536.ref046]\], and vice versa Plin1 mRNA expression is upregulated by FSP27 knockout \[[@pone.0117536.ref048],[@pone.0117536.ref049]\] or knockdown \[[@pone.0117536.ref050]\]. Considering that the both proteins preferentially locate to lipid droplets, we propose that Fsp27 upregulation by Plin1 depletion and vice versa, might be a compensatory action for stabilizing lipid droplets. Recent studies reveal that the interaction between Plin1 and Fsp27 is essential for lipid droplet growth by transferring lipids from small to large droplets \[[@pone.0117536.ref043],[@pone.0117536.ref045]\]. However, this cooperation machinery between completely failed in Plin1-/- SVCs, in which no Plin1 was available to mediate the growth of large lipid droplets, in spite of a compensatory increase in Fsp27. The droplet growth in Plin1-/- SVCs were rescued by adenoviral expression of Plin1, confirming the essential role of Plin1 in terminal adipocyte differentiation.

Heterozygous Plin1+/- SVCs can be partially differentiated and fulfilled with a number of lipid droplets, with both the number and size more than in Plin1-/- SVCs but markedly less than in Plin1-/- SVCs. This phenomenon suggests that Plin1 haploinsufficiency inhibit the droplet formation and adipogenesis, providing a cellular basis for the pathology of smaller-than normal adipocytes and partial lipodystrophy in patients with heterozygous Plin1 mutations \[[@pone.0117536.ref012]\].The differentiation of adipocytes precursors in primary culture is under the influence of many physiological factors \[[@pone.0117536.ref051]\]. IBMX stimulates adipocyte differentiation by increasing cellular cAMP \[[@pone.0117536.ref051]\]. For inducing adipocyte differentiation of wild-type murine SVCs, IBMX was optimal at 250 μM but toxic at 500\~750 μM. In contrast, IBMX improved Plin1-/- SVC differentiation in a concentration-dependent manner, with an optimal effect at 750 μM. As well, the lipid droplet growth in Plin1-/- SVCs was ameliorated by PPARγ activator and by prolonged exposure to insulin or fatty-acid loading. Therefore, the enhanced adipogenic stimulation can improve lipid-droplet growth and even drive a few Plin1-/- SVCs toward near-normal adipocyte morphology. These observations implicate that some adipose precursor cells in Plin1-/- mice might be capable of regenerative differentiation in response to persistent adipogenic stimulation *in vivo*, which might also contribute to the "partial" rather than complete lipodystrophic phenotype in mammals with Plin1 defects.

In summary, Plin1 was essential for the later-stage differentiation of adipose progenitor cells. Loss of Plin1 impaired the differentiation and development of adipose cells, which might be one of the pathological bases for lipodystrophy in patients with Plin1 mutation.
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